We present what are believed to be the first images obtained with a far-field high-resolution scanning surface-plasmon microscope in an aqueous medium. Measurements of V͑z͒, the output response of the microscope, versus defocus z give a signature of the surface-plasmon propagation. V͑z͒ is strongly conditioned by the laser beam diameter and the objective's numerical aperture, and we show how the operating mode (in air and in water) must be chosen to maximize the surface-plasmon field and to minimize diffraction (edge) effects. © 2007 Optical Society of America OCIS codes: 240.6680, 180.5810, 180.3170. Surface-plasmon polaritons (SPPs) are electromagnetic evanescent waves propagating at the interface of a conductive layer and a dielectric. The propagation condition of these surface waves is very sensitive to the metal-dielectric interface. These two properties are at the origin of the great success of SPPs in biosensor applications 1,2 known as surface-plasmon resonance. The surface-plasmon microscope (SPM) developed by Rothenhausler and Knoll 3 offered a subnanometer sensibility of adsorbed biological objects. Surface-plasmon resonance and SPM principles are both based on intensity measurements of reflected light by coupling SPP with a prism in a Kretschmann attenuated total reflection configuration.
Surface-plasmon polaritons (SPPs) are electromagnetic evanescent waves propagating at the interface of a conductive layer and a dielectric. The propagation condition of these surface waves is very sensitive to the metal-dielectric interface. These two properties are at the origin of the great success of SPPs in biosensor applications 1,2 known as surface-plasmon resonance. The surface-plasmon microscope (SPM) developed by Rothenhausler and Knoll 3 offered a subnanometer sensibility of adsorbed biological objects. Surface-plasmon resonance and SPM principles are both based on intensity measurements of reflected light by coupling SPP with a prism in a Kretschmann attenuated total reflection configuration. 4 SPM lateral resolution is limited by the SPP propagation length, which is of the order of a few micrometers. Actually, resolution and sensibility (i.e., contrast) evolve in opposite directions and are both related to the intrinsic SPP propagation length. 3, 5 Microscopic techniques using SPP, such as scanning near-field optical microscopy 6 or a recent far-field technique 7 based on guided SPP coupling, provide improved resolution but are still hardly exploitable in aqueous media, which limits their biological application. Recently, Zhang and colleagues 8 have proposed a wide-field SPM with a solid immersion lens to work in liquid media. Better contrast and resolution can be achieved 9 with a scanning surface-plasmon microscope (SSPM) inspired by scanning acoustic microscopy techniques. 10 Resolution is first improved by localizing SPP with a large-numerical-aperture lens. Sensitivity is increased by SPP phase recording rather than intensity. Despite the nonintrusiveness of this method, to our knowledge its implementation in an aqueous environment has not been reported since the first measurements in air. 9, 12 We have reconstructed the experimental setup of Refs. 9 and 12. We report in this Letter what we believe to be the first surface-plasmon imaging in water with a submicrometer resolution. By quantitatively analyzing the output response V͑z͒ responsible for the contrast in SSPM, we compare the efficiency of SPP coupling in air and water. We show that optimal imaging inwater with the SSPM is obtained under specific experimental conditions. Figure 1 (a) shows the SSPM principle. 9, 12 The excitation of SPPs is analogous to the Kretschmann configuration 4 : the coupling medium of refractive index n 0 is made from an objective lens (OL), immersion oil, and a coverslip. The coverslip is coated with a 45 nm layer of gold ͑n 1 ͒. The final dielectric medium with refractive index n 3 is air or water. The re- fractive index n 2 and the size of the objects localized at the metal/final media interface lead to local variations of the coupling angle p and the SPP wave vector k sp . The detection principle of SSPM is rather different from the SPM. The rays (A) falling on the surface within the specific angle p are coupled to SPPs that propagate at the gold/dielectric interface and reradiate in symmetrical rays (B) [ Fig. 1(a) ]. The rays (C) that are not coupled to SPP are reflected back (D) without SPP phase retardation. The phase difference between (B) and (D) depends on the retardation of the surface wave during its propagation at the gold/dielectric interface. It is measured by a heterodyne interferometer as sketched in Fig. 1(b) . A He-Ne ͑ = 632.8 nm͒ laser beam is polarized, collimated, expanded 15 times so that its diameter at the OL aperture is 9.8 mm, and focused by the OL on the sample. The SSPM image is formed by scanning the sample with a XY piezoelectric stage at a fixed defocus z * . A 250ϫ 250 pixel image is recorded in 50 s. The SPP excitation condition reads as n eff = k sp / k 0 = n 0 sin͑ p ͒ Ͻ NA, where k 0 is the wave vector in vacuum of the exciting light. SPP excitation condition reads as n eff = 1.05 in air and n eff = 1.42 in water. Therefore, we use a 1.45 NA 60ϫ Olympus objective in air and a 1.65 NA 100ϫ Olympus objective in water.
For microscopy in air, a structured sample was prepared by depositing SiO 2 stripes (5 m wide, 15 nm thick, n 3 = 1.45) separated by 1 m on a 45 nm gold layer. Figure 2(a) shows an SSPM image of this structure. The spatial resolution of the SSPM is less than 1 m since it can separate two adjacent SiO 2 lines. It is one order of magnitude smaller than the 7 m SPP propagation length. For microscopy in water, a 45 nm gold layer deposited on a 1.5 nm chromium layer was used. Gold nanoparticles with a 200 nm diameter were dispersed in water ͑7 ϫ 10 6 particles/ ml͒ and adsorbed on the gold surface. A typical SSPM image of these nanoparticles in water is given in Fig. 2(c) , where five of them are indicated by arrows. The gold nanoparticles show a two-lobe pattern in the direction of the laser polarization. In Fig. 2(d) , a horizontal section of the nanoparticle framed with a square in Fig. 2(c) shows that the two lobes are separated by 350 nm and have a half-height width of 260 nm. This two-spot distribution was predicted by Kano et al. 11 The resolution of the SSPM in water is shown to be at least 200 nm, which is also one order of magnitude smaller than the 2.5 m SPP propagation length in water.
V͑z͒ is the output response of the microscope versus distance z, defined between the back focal plane and the sample interface. For negative z, the V͑z͒ curve presents oscillations whose period ⌬z = / ͓2n 0 ͑1 − cos p ͔͒ is a signature of SPP propagation.
9,10 Figure 3 illustrates SSPM performance by comparing V͑z͒ for markedly different refractive index solutions: n W = 1.3314 for water (W) and n WG = 1.37107 for a mixture of glycerol (30%) in water (WG). Theoretical V͑z͒ curves were calculated following Ref. 12 but including a Gaussian laser shape. For negative z, experimental and theoretical V͑z͒ evolve similarly when n 3 changes from n W to n WG : their oscillation periods ⌬z decrease from 466 to 430 nm in the experiment, and from 445 to 415 nm in the model. The plot of ⌬V͑z͒ = V͑z͒ WG − V͑z͒ W in Fig. 3 points out the good correspondence between experiments and simulations for negative z. It confirms quantitatively that ⌬V͑z͒ is affected only by the 0.04 refractive index change of the solution. The SSPM image contrast is optimized when the z position for XY scanning corresponds to the maxima of the V͑z͒ slope. As shown in Fig. 4 , when computing V͑z͒ in liquid for different ratios R s = w 0 / a of the laser beam waist w 0 versus the lens aperture radius a, we observe an irregular distribution of the oscillation periods, centered around 450 nm. This irregularity comes from the superimposition of two spatial oscillations: a SPP oscillation with a 445 nm period and a diffraction oscillation with a 300 nm period. For positive z defocus where SPP effect does not occur, we observe diffraction oscillations alone with the 300 nm period. Diffraction cancels out in the limit of infinite beam and aperture lens diameters (thick curve of Fig. 4 ). Both oscillations also disappear with low R s . The attenuation of SPP oscillations can be explained by the Gaussian shape of the laser: the reradiated ray (B) intensity after SPP excitation is smaller than the reflected central ray (D) intensity, and their interference does not give enough contrast. The attenuation of diffraction oscillations results from vanishing of light at the border of lens aperture. When we compute the ratio ␥ between SPP and diffraction oscillation amplitudes, as shown in Fig. 5 , we get singlehumped curves whose maxima (R s equal to 0.74 and 0.82 in air and water, respectively) correspond to dominant SPP effect. In imaging mode, the contrast of SPPM, which can be defined as ⌬V͑z * ͒, increases with R s as shown in the inset of Fig. 5 . For R s = 3 the maximum of contrast is already reached in liquid and ␥ is two-thirds of the maximum of ␥. Therefore to operate in liquid, we choose large values of R s ͑R s ϳ 3͒. For air operation, we favor the SPP effect by choosing R s around unity even if the resulting contrast is not optimum.
In conclusion, we report here what are believed to be the first measurements of V͑z͒ curves and SSPM images in an aqueous environment, and so we enlarge the range of application of this high-resolution surface-plasmon microscopy technique to biological systems. We show by a careful analysis of V͑z͒ curves that the microscope operating modes in water and air are different.
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